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'"—•The  synthesis.  Insertion  and  degradation  of  acetyTchoHne-ceceptors  (AChRs)  of  skeletal 
muscle  cells  are  closely  regulated  both  by  the  muscle  cells  and  by  the~*otocnerves  that 
supply  them.  The  goal  of  this  project  <s  to  elucidate  the  mechanisms  of  regulationof  the 
AChRs.  both  at  tt»e  neuromuscular  junction  and  at  extrajunctlonal  regions.  , , 

We  have  used  125i^L5unqarotox^n*  '^*I-£.-BuTx)  as  a  label  to  follow  the  metabolic  turnover! 
of  AChRs  both  In  vivo  and  In  tissue  culture.  Recent  experiments  have  used  cONA  that 
specifically  bTikino  the  eRNA  for  the  *-siibun1t  of  the  AChR  to  meesure  mRMA  (gene 

regulstlon),  as  wel  1  -I -F-  rr- *—  • tJ  .I  uai.Lm  *•£**- I*—*. 

C*>2  > 

During  the  past  year,  our  studies  have  slR^n:  . . 

1)  Synthesis  and  Insertion  of  AChRs  of  the  normal  neuromuscular  junction  It  rapid, 
receptors  are  Inserted  at  the  rate  of  16X  within  24  hrs.  «nd  2CX  «t  48  hrs.  This  rapid  rate 
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19.  Abstract  (continued) 

Is  sufficient  to  coapensate  for  the  degradation  of  both  the  rapidly  turned  ever  ACh  receptors 
and  the  stable  ACh  receptors  at  the  neuroauscular  junction. 

2)  Rapidly  turned  over  AChRs  serve  as  precursors  for  the  stable  AChRs  at  the  neuroauscular 
Junction. 

3)  The  aotot  nerve  plays  a  iey  role  In  the  process  of  stabilization  of  junctional  AChRs. 

4)  Oenervatlon  results  to  a  rapid  Increase  wssenger  Hs$“for  the  a-subunlt  of  the  AChR 
(aRNA-AChR). 

5)  Botullnua  toxin,  which  blocks  quanta!  release  of  ACh,  results  to  a  denervation-like 
Increase  In  aft:A-AChR;  however,  this  increase  Is  less  aarked  than  that  which  results  froa 
surgical  denervation.  We  sunrise  that  both  qrantal  and  non-guantal  ACh  transmission  aay  be 
Involved  In  the  regulation  of  eRWA-AOiR. 

6)  ACh  transalsslon  plays  a  role  to  aalnttnance  of  stability  of  junctional  AChRs. 

Blockade  of  quanta 1  ACh  release  by  botullnua  toxin  results  in  a  denervation-ilka  acceleration 
of  loss  of  pre-existing  stable  AChRs.  This  effect  occurs  later  than  that  of  surgical 
denervation,  suggesting  that  both  quantal  and  non-guantal  ACh  transalssfon  aay  be  Involved  In 
the  nerve's  regulation  of  AChR  stability. 

These  findings  are  leading  to  an  understanding  of  the  turnover  of  AChRs  at  the 
neuroauscular  junction.  Froa  the  Military  point  of  view,  they  provide  Important  Inforaatlon 
regarding  the  recovery  of  blocked  or  daaaged  neuroauscular  junctions. 
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Fo reword 


In  conducting  the  research  described  In  this  report,  the  Investigators  adhered  to 
the  “Guide  for  the  Care  and  Use  of  Laboratory  Animals,"  prepared  by  the  Committee 
on  Care  and  Use  of  Laboratory  Animals  of  the  Institute  of  Laboratory  Animal 
Resources,  National  Research  Council  (DHH5  Publication  No«  (NIH)  86*23,  Revised 
1985). 
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I.  1.  Introduction: 


As  described  In  our  original  proposal,  the  major  goal  of  this 
Investigation  Is  to  learn  more  about  the  mechanism*,  that  regulate  the  synthesis 
and  turnover  of  junctional  and  extrajunctlonal  acetylcholine  receptors  (AChRs). 
During  the  past  year,  we  have  made  significant  progress  In  many  aspects  of  these 
studies.  The  results  of  these  are  detailed  In  II.  Progress.  Our  findings, 
detailed  In  Section  II  Indicate  the  following: 

a.  Junctional  AChRs  are  rapidly  synthesized. 

b.  The  rapidly  turned  over  junctional  AChRs  (RTOs)  »*  precursors  of  the 
stable  junctional  AChRs. 

c.  The  motor  nerve  plays  an  Important  role  In  "stabilizing*  a  proportion 
of  the  RTOs,  converting  them  to  the  stable  form. 

d.  ACh  transmission  plays  a  role  In  maintenance  of  stability  of  junctional 
AChRs. 

e.  We  have  acquired  cDNA  probes  for  several  subunits  of  the  AChR,  and  are 
using  them  In  studies  of  AChR  turnover. 

f.  Preliminary  evidence  Indicates  that  ACh  transmission  plays  a  key  role 
In  regulating  transcription  of  the  mRNAs  for  the  AChR  subunits. 

g.  We  have  published  results  Indicating  that  several  cations  (lithium, 
calcium,  sodium)  down -regulate  the  synthesis  of  AChRs  In  a  skeletal  muscle  cell 
culture  model. 


2.  Brief  Restatement  of  Overall  Research  Problem  and  Rationale 

Both  the  distribution  and  turnover  of  acetylcholine  receptors  (AChRs)  of 
mammalian  skeletal  muscles  are  regulated  to  a  large  extent  by  the  motor  nerves. 

In  Innervated  muscles,  AChRs  are  localized  almost  exclusively  at  neuromuscular 
junctions  (Axelsson  and  Thesleff,  1959;  tilledl,  1960,  Albuquerque  at  al.,  1974; 
Fertuck  and  Salpeter,  1974;  Kuffler  and  Yoshlkaml,  1975).  Following 
denervation,  a  great  Increase  of  extrajunctlonal  AChRs  occunrs  (Mlledl,  1960; 
Mlledl  and  Potter,  1971;  lee,  1972;  Chang  et  al.,  1975;  Hertzell  and  Fambrough, 
1972;  Pestronk  et  al.,  1976a, b),  presumably  due  to  Increased  synthesis  of  AChRs 
(Fambrough,  1970;  Grampp  et  al.,  1972;  Brocket  and  Hall,  1975b;  Devreotes  and 
Fambrough,  1976),  resulting  from  Increased  transcription  of  the  appropriate  mRMAs 
(Merlle  et  al.,  1964;  Goldman  et  al.,  1985). 

Junctional  ACh  Rtceptors: 

AChRs  of  neuromuscular  junctions  differ  In  many  respects  from 
extrajunctlonal  AChRs.  They  are  densely  packed,  located  mainly  at  the  peaks  of 
post-junctional  folds  (Mi thews -Bel linger  and  Salpeter,  1978).  They  differ 
physiologically,  physicochemical  1y  and  iMunologlcally  from  extrajunctlonal  AChRs 
(Brockes  and  Hall,  1975a;  Llndstrom  et  al.,  1976;  Neher  and  Sakmann,  1976; 
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Sakmann  and  Brenner,  1978;  Schuetze  and  Flshbach,  1978;  Weinberg  and  Hall,  1979; 
Dwyer  et  al.,  198];  Brenner  and  Saknann,  1983)  (as  described  In  the  original 
proposal). 

One  of  the  most  Important  characteristics  of  junctional  AChRs,  which  Is  a 
■ajor  focus  of  this  research.  Is  their  metabolic  stability,  with  a  half-life 
previously  reported  to  be  between  6  and  13  days  (In  rodents)  (Berg  and  Hall, 
1975;  Chang  and  Huang,  1975;  Stanley  and  Drachman,  1978;  Linden  and  Fambrough, 
1979;  Bevan  and  Stelnbach,  1933).  We  have  recently  reported  that  the  AChRs  at 
Innervated  neuromuscular  junctions  are  actually  comprised  of  two  subpopulatlons 
with  strikingly  different  rates  of  turnover  (Stanley  and  Orachman,  1983a,  198/7. 
The  majority  of  junctional  AChRs  are  stable,  with  a  half-ttfe  of  11  to  12  days. 
The  remainder,  which  we  now  estimate  to  be  20  to  25X  of  the  total,  are  rapidly 
turned  over  (RTOs)  with  a  half-life  of  approximately  1  day.  This  finding  is 
based  on  our  detailed  analyses  of  degradation  curves  of  12$I-labe1ed  AChRs, 
using  an  In  vivo  mouse  model  (Stanley  and  Drachman  1983a,  1987).  This  result, 
which  we  Have  repeatedly  confirmed  In  the  course  of  our  subsequent  studies 
described  below,  leads  to  several  conclusions  and  predictions: 

First,  It  predicts  that  the  rate  of  synthesis  and  Insertion  of  junctional 
AChRs  should  be  more  rapid  than  previously  estimated,  Tn~or3er To  replace  the 
rapidly  degraded  AChRs. 

Second,  this  may  explain  the  rapid  recovery  from  certain  neuroparalytic 
toxins.  Recovery  from  Irreversible  AChk  blocking  agents  (such  as  a-bungarotoxln 
(a-BuTx))  Is  known  to  occur  far  more  qutckly  than  would  be  expected  on  the  basis 
of  dissociation  of  the  toxin. 

Third,  It  suggests  that  the  turnover  of  RTOs  alone  accounts  for  the  majority 
of  the  overall  junctional  receptor  turnover.  Although  the  population  of  rapidly 
turned  over  AChRs  Is  only  20  to  25X  of  the  total  AChR  population.  Its  rata  of 
turnover  Is  10  times  as  rapid  as  the  rate  for  the  stable  XCOs. 

Fourth,  and  perhaps  most  significantly,  tha  rapidly  deended  (RTO) 
subpopulation  of  junctional  AChRs  appear  to  be  precursors  or  the  stable  AChRs. 

Our  progress  to  date  (see  below  Section  II-Tasks  1,2,3)  strongly  supports: 

a)  tha  rapid  synthesis  of  junctional  AChRs  (Ramsay  and  Drachman,  1988) 

b)  tha  concept  that  tha  RTOs  are  converted  to  stable  AChRs 

Neural  control  of  junctional  ACh  receptors: 

There  Is  abundant  evidence  that  many  of  the  properties  ef  junctional  AChRs 
are  regulated  to  a  large  extent  by  the  motor  nerves  (Salpeter  and  Lorlng,  1986; 
Schuetze  and  Role,  1987).  For  example,  the  <on1c  channel  properties  of  short 
open  times  and  high  Ionic  conductances  are  dependent  on  motar  Innervation  (Nahc*, 
and  Sakman  1976;  Satamnn  and  Brenner,  1978;  Schuetze  and  Flshbach  1978;  Schuetze 
at  al.,  1978;  Sellln,  1961;  Brenner,  1963).  Clustering  of  AChRs  occurs  at  the 
site  of  contact  between  the  motor  nerve  endings  and  the  atscle  cell  membrane 
(Takeuchl,  1963;  Anderson  and  Cohen,  1977;  Bevan  and  Stelahach,  1977;  Burden, 

1977;  Relness  and  Weinberg,  1981).  Some  nerve-induced  modification  of  the 
membrane  (possibly  the  basement  mm*  rant)  Is  thought  to  determine  the  high 
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de  ns  Ity  accumulation  of  AChRs  at  this  site  (Burden  et  al.,  1979).  Stability  of 
junctional  AChRs  Is  also  dependent  on  the  motor  nerve.  Both  the  Initial 
appearance  of  stable  AChRs  during  development  (Burden,  1977;  Re1ness"an3 
Weinberg,  1981),  and  the  continued  maintenance  of  AChR  stability  (Chang  and 
Huang,  1975;  Bevan  and  Stelnbach,  1917;  ferett  and  Younkln,  1979;  Levitt  and 
Salpeter,  1981;  Stanley  and  Drachman,  1981)  require  some  Influence  of  the  motor 
nerve. 

One  of  our  major  results  during  the  past  year  has  been  the  experimental 
demonstration  that  the  motor  nerve  "stabilizes"  a  proportion  of  the  rapidly 
turned  over  junctional  AChRs,  converting  them  to  the  stable  fora  (see  Progress, 
Section  II,  Task  2). 

Little  Is  presently  known  about  the  mechanisms  by  which  these  changes  In 
junctional  AChRs  are  brought  about.  There  Is  some  evidence  that  the  Initial 
localization  of  the  nerve-muscle  junction  and  clustering  of  AChRs  Involve  nerve- 
muscle  contact,  rather  than  neurotransalsslon  (Stelnbach  et  al.,  19751.  On  the 
other  hand,  normal  channel  properties  of  junctional  AChRs  may  require  ACh 
transmission  (Sellln  and  Thesleff,  1981).  One  of  the  hypotheses  that  we  ore 
testing  In  these  studies  Is  that  ACh  transmission  may  have  a  role  In  the  Initial 
stabilization  and  the  maintenance  of  stability  of  AChRs  at  the  neuromuscular 
junction. 

We  now  have  preliminary  evidence  suggesting  that  ACh  transmission  plays  a 
role  In  maintenance  of  stability  of  junctional  AChRs  (see  Section  II,  Task  7). 


Extrajunctlonal  ACh  Receptors: 

In  normally  Innervated  muscles,  the  density  of  AChRs  at  extrajunctlonal 
regions  Is  very  low  —  typically  less  than  20  a-BuTx  binding  sites  per  fin2  for 
the  soleus  muscles  of  rodents  (Pestronk  et  al.,  1976a,t>;  Fambrough,  1979). 
However,  the  density  of  extrajunctlonal  AChRs  Is  Increased  In  skeletal  muscle 
cells  that  lack  Innervation  (Immature,  or  denervated  mature  muscle)  (Axelsson  and 
Thesleff,  1959;  Wledl,  1960;  Hlledl  and  Potter  1971;  Diamond  and  Hlledl*  1962; 
Oryden,  1970;  Fambrough  and  Rash  1971;  Lee,  1972;  Letlnsky,  1975;  Pestronk  et 
al.,  1976a ,b;  Bevan  and  Stelnbach,  1977;  Drachman  et  al.,  1984).  The  high 
density  of  extrajunctlonal  AChRs  In  these  situations  Is  thought  to  be  due  to  a 
high  rate  of  receptor  synthesis  (Faabrough,  1970;  6rampp  et  al.,  1972;  Brocket 
and  Hall,  1975b;  Devreotes  and  Fambrough,  1976).  Recent  evidence  Indicates  that 
there  Is  a  high  rate  of  transcription  of  the  genes  for  the  various  subunits  of 
AChR.  resulting  In  increased  amounts  of  the  appropriate  mRHAs  In  denervated 
iuscle  (Herlle  et  al.,  1984;  Golfeen  et  al.,  1985).  cDNA  probes  are  now 
available  for  these  mRHAs  (Herlle  et  al.,  1983;  LaPolla  et  al.,  1984;  Boulter  et 
al.,  1985). 

We  have  made  progress  In  acquiring  cONA  probes  for  the  a-,  B-,  and  delta- 
subunits,  and  are  using  them  as  sensitive  and  particularly  relevant  probes  In  our 
studies  of  AChR  turnover  (see  Section  II-Task  4). 

Neural  Control  of  Extrajunctlonal  ACh  Receptors: 

It  Is  clear  that  the  motor  Innervation  plays  a  dominant  role  In  regulating 
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the  synthesis  of  extrajunctional  AChRs  {see  above,  and  Edwards,  1?79;  Fambrough, 
1979).  The  questions  of  a)  how  the  nerve's  influence  it  Mediated,  and  b)  how  the 
message  is  translated  at  the  level  of  the  muscle  cell  have  been  subjects  of 
intense  interest,  and  are  addressed  in  our  studies  (see  Progress).  We  have 
previously  demonstrated  the  critical  role  of  ACh  transmission  from  the  motor 
nerve  In  mediating  the  nerve's  "trophic"  influence  In  regulating  expression  of 
extrajunctional  AChRs.  All  3  forms  of  ACh  release  --  Impulse  dependent, 
spontaneous  quaatal ,  and  spontaneous  non-quanta  1  --  appear  to  contribute  to  this 
effect  (Orachman  et  al.,  1982).  Heretofore,  the  key  evidence  for  the  role  of 
AChR  has  been  derived  from  experiments  In  which  pharmacological  agents  have  been 
used  to  block  the  various  forms  of  ACh  transmission,  and  the  number  of  surface 
AChRs  has  been  measured  by  125I-a-BuTx  binding.  The  availability  of  the  new  cDNA 
probes  for  AChR  riWAs  greatly  Improves  our  ability  to  determine  the  mechanisms  of 
AChR  regulation,  because:  1)  changes  in  mRNA  occur  much  earlier  than  changes  In 
the  surface  AChRs;  and  2)  the  changes  In  the  appropriate  mRNjls  appear  to  reflect 
the  regulatory  Influences  more  directly. 

During  the  past  year,  we  have  made  progress  in  these  studies  suggesting  that 
ACh  transmission  plays  a  key  role  in  regulating  transcription  of  these  mRNAs  (see 
Section  II,  Task  4).  Since  this  method  provides  a  rapid  Indication  of  the 
nerve's  regulatory  Influence,  It  should  allow  us  to  obtain  more  direct  answers  to 
these  critical  questions  of  neural  regulation  of  AChRs. 

At  the  level  of  the  muscle  cell,  there  Is  now  a  growing  body  of  evidence 
that  various  cations  may  have  Important  regulatory  effects  on  the  metabolism  of 
ACh  receptors  of  skeletal  muscles. 

Ourlng  the  past  year,  we  have  published  the  results  of  studies  showing  that 
several  cations  (lithium,  calcium,  sodium)  down-regulate  the  synthesis  of  AChRs 
In  a  skeletal  muscle  cell  culture  model  (Pestronk  and  Drachma,  1987).  We  have 
now  begun  to  use  the  cDHA  probes  to  study  the  regulation  of  AO*  synthesis  In  the 
muscle  cell  culture  system,  Our  preliminary  findings  suggest  that  Innervation¬ 
like  effects  can  be  produced  In  this  system  by:  a)  cholinergic  agonists;  b) 
various  cations;  and  c)  phorbol  esters  (see  Progress,  Section  II-Task  4). 


II.  Progress  (8/1/8S  -  7/31/87) 

Overall  Progress 

During  the  past  year  we  have  made  excellent  progress  In  our  studies  of 
regulation  of  ACnRs  In  skeletal  muscle.  We  are  keeping  up  well  with  the 
anticipated  timetable.  We  have  completed  studies  supporting  several  of  the 
central  features  of  our  hypothesis  of  neurally  regulated  stabilization  of  rapidly 
turning  oyer  AChRs  at  the  neuromuscular  junction.  Furthermore,  we  are  applying 
newer  methods  of  molecular  biology  and  Immu nochemistry,  which  are  yielding 
Important  Information  regarding  one  fundamental  goals  of  this  project. 

Task  1.  To  determine  the  time  course  of  new  AChR  synthesis  and  Insertion. 

During  the  past  year,  we  have  completed  the  remaining  experiments  In  this 
project,  prepared  a  manuscript,  and  submitted  It  for  publication  (Ramsay  et  al.. 
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1n  press). 

This  study  Is  based  on  the  Idea  that  In  order  to  maintain  a  constant  number 
of  AChRs  at  the  neuromuscular  junction,  the  rapidly  degraded  AChRs  (RTOs)  must  be 
replaced  at  a  correspondingly  rapid  rate,  much  taster  than  previously  supposed. 
This  study  was  designed  to  evaluate  the  rate  of  synthesis  and  Insertion  of 
junctional  AChRs  after  Irreversible  blockade  of  pre-existing  AChRs  with  a-BuTx. 
During  the  Initial  year  of  this  contract,  we  carried  out  several  parts  of  this 
study: 

We  found  that  the  synthesis  and  Insertion  of  junctional  AChRs  was  Initially 
extremely  rapid;  by  24  hours,  16S  of  the  junctional  AChRs  had  been  synthesized 
and  Inserted,  while  28X  were  present  at  48  hours.  The  remainder  of  the  time 
curve  was  slower,  as  predicted  by  our  previous  studies  of  degradation  of  AChRs. 

Control  experiments  showed  that  this  rapid  reappearance  of  o-BuTx  binding 
sites  could  not  be  attributed  to  “un-blndlng*  of  o-BuTx  so  as  to  reexpose  the 
original  sites. 

In  order  to  complete  this  study,  we  have  carried  out  two  additional  series 
of  experiments  during  the  year  just  ended  (1986-87): 

1)  Degradation  of  junctional  AChRs  In  the  stemomastold  (SM)  muscle  of  the 
mouse  (Fig.  1). 

Our  previous  studies  of  AChR  degradation  had  been  carried  out  In  the 
diaphragm  of  the  mouse.  The  synthesis  experiments  suamurlzed  above  required  a 
muscle  (a)  that  could  be  completely  blocked  with  a-BuTx,  and  (b)  In  which  the 
junctional  AChRs  formed  a  discrete  band  suitable  for  dissection  and  Measurement. 
For  these  reasons,  we  used  the  stemomastold  muscle.  It  was  therefore  necessary 
to  ascertain  whether  the  stemomastold  (SM)  muscle showed  a  pattern  of 
degradation  of  RTOs  and  stable  junctional  AChRs  similar  to  that 
previously  found  In  the  diaphragm.  We  have  now  carried  out  studies  of 
degradation  of  AChRs  In  the  stemomastold  muscles,  as  follows: 


Methods 

125I -«-BuTx  (1.4  pg  In  10  ul)  was  Injected  Into  the  left  SM  muscles  of 
123  female  Swiss  mice.  (Note  that  a  slightly  larger  amount  of  labeled  a-BuTx  was 
used  for  AChR  saturation  because  of  possible  Inactivation  of  a  fraction  of  the 
Ii3I-a-BuTx  during  the  lodlnatlon  procedure.)  At  various  times,  from  3  hours  to 
19  days  after  labeling,  groups  of  6  to  17  mice  were  killed,  and  the  left  SM 
muscles  removed.  Care  was  taken  to  wash  the  muscles  free  of  any  unbound 
radioactivity:  The  muscle  was  flushed  by  Injecting  0.2  ml  of  wash  medium,  and 
was  then  rinsed  repeatedly  until  no  further  radioactivity  was  detected  In  the 
wash  medium.  End-plate  specific  radioactivity  was  then  determined  as  previously 
described  (Stanley  and  Drachman,  1983a,  1987). 

The  time  point  3  hours  after  labeling  was  taken  as  *zero  time."  All 
subsequent  counts  *«re  expressed  as  a  fraction  of  the  total  end-plate  counts 
present  at  the  zei*  time,  and  the  means  were  plotted  on  a  log  scale  against  time, 
straight  lines  were  fitted  to  the  points  by  the  method  of  least  squares,  and 


half-lives  of  AChRs  were  calculated  from  their  slopes,  as  previously  described 
(Stanley  and  Drachmae,  1983a,  1981,  1987). 
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Results: 

The  degradation  curve  (Fig.  1)  showed  an  initial  rapid  loss  of  radlolabel 
during  the  first  three  to  four  days,  followed  by  a  much  slower  constant  rate  of 
loss  thereafter.  This  Indicated  the  presence  of  2  classes  of  receptors  -  l.e.  - 
RTOs  and  stable  AChRs  -  In  the  SM  muscle.  The  half  life  of  the  stable  AChRs  was 
10.6  days.  The  calculated  half-life  of  the  RTOs  was  18.05  hrs  (Fig.  1  Inset). 
These  findings,  which  are  closely  similar  to  those  In  the  diaphragm,  confirmed 
that  the  SM  muscle  has  a  subpopulation  of  junctional  AChRs  that  are  rapidly 
degraded  as  well  as  the  population  of  stable  AChRs. 

2)  Effect  of  a-BuTx  Injection  on  the  number  of  junctional  AChRs. 

Since  the  method  used  to  measure  newly  synthesized  and  Inserted  AChRs 
entails  preliminary  blockade  by  a-BuTx,  we  tested  the  possibility  that  the 
blockade  procedure  Itself  might  Induce  a  change  In  the  number  of  junctional 
AChRs.  For  this  purpose,  the  Initial  injection  consisted  of  ^I-labeled  ot-BuTx 
to  block  as  well  as  label  the  AChRs  In  SM  muscles  of  13  mice.  The  SM  muscles  of 
these  mice  were  relabeled  after  24  hours  or  48  hours  by  reinjection  with  125I-a- 
BuTx,  and  a  group  of  controls  were  also  labeled.  After  6  hours,  the  SM  muscles 
were  removed,  thoroughly  washed  for  48  hours,  and  the  end-plate  specific 
radioactivity  determined  as  described  above.  There  was  no  significant  difference 
(p  >  0.1)  In  the  amour.t  of  bound  radioactivity  In  the  BuTx-blocked  muscles,  as 
compared  with  the  controls  (controls,  89.1  femtomoles  of  125I-«-8uTx/  muscle  ± 

3.3  (SEMI;  24  hours,  82.2  t  5.3;  48  hours  95.3  *  3,8)  which  Indicates  that  q-BuTx 
blockade  does  not  Induce  a  change  In  the  number  of  AChRs. 

Interpretation: 

The  results  of  this  study  show  that  synthesis  and  Insertion  of 
junctional  AChRs  Is  appropriately  rapid  to  compensate  for  the  degradation  of  both 
the  RTOs  and  the  stable  AChRs  at  the  neuromuscular  junction.  New  receptors  are 
Inserted  at  the  rate  of  16X  within  24  hours  and  28X  at  48  hours.  This  Is 
significantly  faster  than  the  rate  needed  to  replace  the  stable  AChRs  alone, 
which  would  require  replacement  of  only  5.5X  of  the  total  receptor  population 
during  the  first  day. 

This  finding  of  rapid  appearance  of  a  subpopulation  of  AChRs  at 
neuromuscular  junctions  Is  consistent  with  previous  reports  from  this  laboratory 
(Stanley  and  Drachman,  1983a,  1987)  and  others  (Bevan  and  Stelnbach,  1983)  of 
rapid  degradation  of  a  subpopulation  of  junctional  AChRs  In  tho  diaphragm.  SI net 
the  present  experiments  required  the  stemomastold  muscle,  we  have  now  studied 
the  pattern  of  degradation  of  AChRs  In  the  stemomastold  as  described  above,  and 
shown  that  It  closely  parallels  that  of  the  diaphragm.  U»  hare  also  carried  out 
control  experiments  which  showed:  a)  that  the  Initial  Injectloa  of  a-BuTx  totally 
blocked  pre-existing  AChRs;  b)  that  *un-b1nd1ng"  of  toxin  could  not  account  for 
the  rapid  reappearance  of  a-BuTx  binding  sites;  c)  that  blockade  of  the  AChRs  ger 
se  could  not  nduce  an  Increase  In  Junctional  AChRs. 
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The  evidence  thus  indicates  that  new  AChRs  are  rapidly  synthesized  and 
inserted  Into  the  neuromuscular  junction,  sufficient  to  replace  those  lost  by 
both  rapid  and  slow  degradation.  This  confirms  the  concept  of  two  subpopulations 
of  AChRs  at  the  normal  Innervated  neuromuscular  junction. 

We  have  presented  evidence  elsewhere  that  a  proportion  of  the  RTOs 
serve  as  precursors  for  the  stable  AChRs  at  the  neuromuscular  junction  (Stanley 
and  Orachman  1983b, 1987  and  tasks  2  and  3.)  Further,  the  stabilization  process 
requires  some  Influence  of  the  motor  nerve.  It  will  be  Important  to  determine: 

(a j  the  mechanism  by  which  the  motor  nerve  converts  RTOs  to  stable  AChRs,  and  (b) 
the  biochemical  or  structural  differences  between  RTOs  and  stable  AChRs. 

Task  2.  To  determine  whether  denervation  prevents  post-1 nsertlonal 
stabilization  of  junctional  AChRs. 

We  have  postulated  that  the  RTOs  are  precursors  of  stable  receptors  at 
the  neuromuscular  junction,  and  that  the  stabilization  process  depends  on  some 
Influence  of  the  motor  nerve  (Stanley  and  Orachman,  1983b).  In  this  study,  we 
have  tested  this  hypothesis  In  the  mouse  sternomastold  muscle  by:  1)  labeling 
junctional  ACh  receptors  with  ^Si^.buTx;  2)  denervatlng  the  SM  muscle:  3) 
following  the  fate  of  the  RTOs  through  a  6  day  period  when  they  were  either 
degraded  or  converted  to  stable  ACh  receptors. 

Our  hypothesis  predicts  that  denervation  should  prevent  the  conversion 
of  RTOs  to  stable  receptors,  and  would  therefore  result  In  a  deficit  in  the 
number  of  stable  AChRs  In  the  denervated  muscles  as  compared  with  the  Innervated 
muscles.  Our  results  as  described  below  strongly  support  this  hypothesis  (Fig. 

2.  Table  1). 

Methods: 

1.  Labeling  of  junctional  AChRs  with  "enhanced  populations  of  RTOs." 

As  noted  previously,  the  RTO  subpopulation  normally  constitutes  only  a 
relatively  small  fraction  (approximately  151)  of  the  total  AChR  population  at  the 
neuromuscular  junction.  In  order  to  detect  changes  In  stabilization  of  these 
AChRs,  It  Is  helpful  to  follow  a  population  with  an  enhanced  proportion  of 
labeled  RTOs.  For  this  purpose,  the  SM  muscles  of  20-25  gram  female  Swiss  mice 
were  Injected  with  0.75  U9  a-BuTx,  to  block  all  pre-existing  AChRs.  Seven  days 
later,  the  "new"  AChRs  are  labeled  with  1251-a.gyTx.  At  that  time  approximately 
301  of  the  AChRs  In  this  pool  are  RTOs. 


2.  Unilateral  Denervation;  measurement  of  stabilization  of  AChRs. 

Three  separate  series  of  experiments  Involving  135  mice  were  used  for  this 
experiment.  The  SM  muscles  were  bilaterally  blocked  with  a-BuTx,  as  above,  to 
produce  enhanced  populations  of  RTOs. 

6  days  later,  the  left  SM  muscles  In  all  mice  were  denervated  surgically. 

24  hours  later  (In  order  to  allow  the  effect  of  denervation  to  take  place) 
the  SM  muscles  were  bilaterally  labeled  by  Injection  of  *25i^_buTx. 

Groups  of  mice  were  killed,  3  hours  after  labeling,  and  then  at  dally 
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Intervals  for  5  days.  Both  SM  muscles  were  removed  from  each  animal,  and 
endplate-speclflc  radioactivity  was  measured  as  previously  described  (Stanley  and 
Orachman,  1983a,  1987)  . 


Results: 

The  results  are  presented  In  Fig.  2  and  Table  1. 

The  major  finding  of  this  study  Is  that  denervation  resulted  In  a 
significant  deficit  of  AChRs  that  occurred  promptly  In  the  muscles  with  a  mixed 
population  of  RTOs  and  stable  AChRs,  The  deficit,  which  Is  attributed  to  failure 
of  stabilization  of  AChRs,  was  6.6X  by  1  day  after  labeling  (2  days  post- 
denervatlon),  and  Increased  to  10.41  by  4  days  after  labeling  (5  days  post¬ 
denervation). 

Control  experiments  described  below  show  that  the  denervation-induced  AChR 
deficit  cannot  be  attributed  either  to  a)  asymmetry  of  mouse  SM  muscles,  oi-  to  b) 
accelerated  loss  of  stable  AChRs  ger  se. 

Control  Experiments 

«)  Symmetry  of  SM  muscles: 

Methods:  Since  the  results  of  the  above  experiments  are  based  on 
comparisons  of  the  left  (denervated)  and  right  (Innervated)  SM  muscles  In  the 
experlumntal  female  Swiss  mice.  It  was  Important  to  determine  whether  there  Is  a 
consistent  discrepancy  or  significant  variability  In  the  numbers  of  junctional 
AChRs  In  the  paired  (left  and  right)  muscles  of  the  mice.  We  therefore  labeled 
junctional  AChRs  with  “anhanced  populations  of  RTOs,"  exactly  as  in  the  . 
experimental  group,  but  the  muscles  were  not  denervated.  The  radioactivity  bound 
to  junctional  AChRs  was  measured'**  above,  and  the  ratio  cf  radioactivity  bound 
to  the  left/right  SM  muscles  expressed  as  a  percentage. 

Results:  The  results  showed  that  there  was  no  consistent  difference  between 
the  number  of  junctional  AChRs  In  the  left  and  right  SM  muscles  (see  Fig.  2  and 
Table  1). 

b)  Effect  of  denervation  on  stable  AChRs:  Denervation  causes  acceleration  of 
degradation  of  stable  junctional  AChRs,  but  this  does  not  occur  until  after  a 
latent  Period.  Since  the  present  experiment  follows  tho  fate  of  AChRs  during  a  6 
day  period  after  denervation,  an  Important  control  Is  to  avaluate  the  effect  of 
denervation  on  the  turnover  of  stable  AChRs  during  tho  $  day  period. 

Methods:  Labeling  of  stable  AChRs:  AChRs  art  first  labolod  by  Injection  of 
125iH*-8urx.  ByWend  of  8  days  (l.e.  -  >«  half-lives),  the  number  of  labeled 
RTOs  remaining  Is  negligible  (2).  The  labeled  AChRs  then  consist  entirely  of  the 
stable  subpopulatlon. 

At  this  time  (l.e.  -  S  days  after  labeling),  tho  left  SM  muscle  was 
surgically  denervated.  Groups  of  mice  wart  killed  at  Intervals  of  3  hours  to  7 
days  latar.  Tho  radioactivity  bound  to  thel*  junctional  AChRs  was  mtasurod  as 
abova,  and  tho  ratio  of  radioactivity  bound  to  tho  loft/rlght  SM  muscles 
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expressed  as  a  percentage. 

Results;  The  results  showed  no  deficit  of  stable  AChRs  In  the  denervated  SM 
muscle,  as  compared  to  the  Innervated  side,  during  the  first  5  days  after 
denervation.  However,  on  the  6th  day,  the  degradation  rate  Increased,  and  a 
significant  deficit  of  AChRs  then  appeared  In  the  denervated  SM  muscle.  These 
results  show  that  the  early  deficit  of  AChRs  seen  In  the  experimental  group 
(above)  cannot  be  attributed  to  loss  of  stable  AChRs. 

Statistics: 

Because  of  the  crucial  Importance  of  this  experiment,  and  our  anticipation 
that  the  differences  might  be  relatively  small,  we  used:  a)  large  numbers  of 
animals  In  each  group;  b)  several  methods  of  parametric  and  non-parametrlc 
analysis.  Including  the  Wllcoxon  ranked  pairs  test,  the  Nann-Whltney  U  test  (one 
tailed),  analysis  of  variance,  and  analysis  of  covariance.  We  thus  compared 
groups  on  each  Individual  day  of  the  experiment,  and  also  compared  trends  of  the 
curves  generated  by  the  experimental  and  control  experiments. 

The  results  of  statistical  calculations  showed  that  the  differences  between 
denervated  and  non-d enervated  muscles  were  highly  significant  (p  <  0.002)  for  the 
experimental  group  at  all  time  points  from  1  aay  after  labeling  through  5  days. 

By  contrast,  none  of  the  control  groups  except  the  6  day  post-denervation  stable 
AChRs  showed  significant  differences  between  left  and  right  muscles. 

Analysis  of  variance  showed  a  highly  significant  difference  between  the 
experimental  and  each  of  the  two  control  groups  (p  <  0.01). 

Analysis  of  covariance  showed  a  highly  significant  difference  between  the 
experlmantal  curve  and  each  of  the  control  curves  (p  <  0.002). 

%< 

Interpretation: 

We  have  postulated  that  the  RTOs  are  precursors  of  the  stable  junctional 
receptors,  and  that  the  stabilization  process  depends  on  an  Influence  from  the 
motor  nerve.  Our  hypothesis  predicts  that  denervation  should  prevent  the 
stabilization  of  RTOs,  and  thus  result  In  a  deficit  of  stable  ACh  receptors  at 
the  neuromuscular  junction. 

The  results  of  the  present  experiments  strongly  support  this  Interpretation. 

At  the  time  of  denervation,  and  at  the  time  of  labeling  the  AChRs,  there  was  no 
difference  In  the  number  of  AChRs  In  the  SM  muscles  of  large  groups  of  mice. 

However,  by  24  hours  later,  there  was  a  significant  deficit  on  the  denervated 
side,  which  Increased  over  the  course  of  the  next  4  days.  This  deficit  Is 
attributable  to  failure  of  conversion  of  RTOs  to  stable  receptors. 

The  deficit  cannot  be  accounted  for  by  rapid  loss  of  the  p*e-ex1 sting  stable 
receptors,  since  our  control  experiments  showed  that  acceleration  of  degradation 
of  stable  AChRs  does  not  begin  until  6  days  after  denervation— much  later  than 
the  appearance  of  the  deficit.  We  also  ruled  out  a  trivial  artifact  of  asymaetry 
of  mouse  SM  muscles  to  explain  the  deficit  on  the  left  side. 

Thus,  our  results  strongly  support  the  hypothesis  that  the  RTOs  are 
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precursors  for  the  stable  receptors,  and  that  an  Intact  motor  nerve  supply  Is 
necessary  for  their  conversion  to  stable  receptors.  This  concept  has  certain 
interesting  Implications  regarding  the  normal  biology  and  pathogenesis  of 
disorders  of  tht  neuromuscular  junction.  From  the  military  point  of  vie* 
this  has  Important  application  to  recovery  from  toxic  Inactivation  of  AChRs. 

1.  The  present  findings  are  consistent  with  previous  evidence  that  motor 
Innervation  plays  an  Important  rol*  In  the  stabilization  process.  During 
development,  AChRs  are  not  stabilized  prior  to  innervation  of  skeletal  muscle 
(Schuetzo  and  Role,  1987).  After  denervation,  the  degradation  rate  of  pre¬ 
existing  stable  receptors  accelerates  (Stanley  and  Orachman  1981;  Sevan  and 
Stelnbach,  1983;  Salpeter  and  Lorlng,  1985;  Schuetze  and  Role,  1987). 

2.  The  stabilizing  action  of  the  motor  nerve  must  be  rapid.  In  the 
denervated  muscles,  the  majority  of  the  receptor  deficit  is  apparent  by  24  hours. 

3.  The  mechanism  by  which  the  motor  nerve  conveys  its  stabilizing  influence 
remains  to  be  determined.  One  of  the  goals  of  this  project  Is  to  study  how  the 
motor  nerve  stabilizes  junctional  AChRs.  Elsewhere  In  this  annual  report  (see 
task  7)  we  present  preliminary  evidence  that  ACh  transmission  may  be  Involved  In 
the  maintenance  of  stability  of  junctional  AChRs. 

4.  The  differences  between  rapidly  and  slowly  turned-over  AChRs  have  as  yet 
been  defined  only  In  terms  of  their  metabolic  stability.  Undoubtedly  this  must 
reflect  some  critical  biochemical  or  structural  differences  between  the  two  types 
of  receptors.  Possible  changes  that  might  stabilize  AChRs  include  chemical 
modifications  of  the  AChR  molecules  (for  example  by  phosphorylation,  acylation 

or  methylatlon);  attachment  of  AChRs  to  cytoskeletal  elements;  alterations  of  the 
surrounding  microenvironment  of  the  synaptic  membrane;  or  localization  of  the 
stable  AChRs  to  a  region  of  the  membrane  that  turns  over  slowly  (Salpeter  and 
Lorlng,  1985). 

5.  The  present  findings,  together  with  the  results  preseated  previously 
(Stanley  and  Orachman,  1987)  suggest  that  stabilization  of  AOtfb  at  the 
neuromuscular  junction  occurs  after  transcription,  translation,  and  Insertion  of 
the  AChR  molecules.  RTOs  and  stable  receptors  would  therefore  have  a  common 
origin,  and  It  would  be  unnecessary  to  postulate  the  synthesis  of  two  different 
species  of  AChR  molecules  at  mature  Innervated  neuromuscular  junctions.  (This 
point  should  not  be  confused  with  recent  evidence  which  suggests  that 
extrajunctlonal  AChRs  In  Immature  muscles  may  have  a  different  subunit 
composition  (Mishina  et  <1..  1986).) 

6.  From  a  teleological  point  of  view,  the  conversion  of  RTOs  to  stable 
AChRs  has  several  advantages.  The  fact  that  RTOs  are  continuously  being  replaced 
at  a  rapid  rate  affords  considerable  protection  against  loss  of  AChRs  from 
whatever  cause.  This  rapid  turnover  can  account  for  the  observation  that 
recovery  from  blockade  of  AChRs  with  Irreversible  blocking  agents  such  as  a-BuTx 
occurs  more  quickly  than  expected.  If  all  the  AChRs  were  turned  over  slowly  with 
a  half  life  of  the  stable  AChRs,  It  would  take  approximately  8  days  to  recover 
the  25  to  301  that  are  required  to  maintain  synaptic  transmission.  The  rapid 
turnover  of  a  sizeable  subpopulation  of  RTOs  results  In  recovery  of  neuromuscular 
transmission  within  2  to  3  days,  consistent  with  experimental  observations. 
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7.  The  fact  that  the  majority  of  junctional  receptors  are  stable,  and  turn 
over  at  a  slow  rate  Is  also  advantageous  to  the  economy  of  the  muscle  cell.  If 
all  the  junctional  AChRs  turned  over  at  the  rapid  rate  of  RTOs,  It  would  greatly 
Increase  the  resources  expended  In  aalntalnlng  the  complement  of  AChRs. 

Summary: 

The  results  of  our  studies  to  date  suggest  a  working  concept  of  the  turnover 
of  junctional  AChRs  that  we  have  Illustrated  In  cartoon  form  In  Figure  3.  A 
single  molecular  species  of  AChRs  Is  synthesized  and  Inserted  at  the 
neuromuscular  junction,  representing  the  pool  of  RTOs.  The  large  majority  of 
RTOs  are  lost  through  rapid  degradation.  A  fraction  of  RTOs  are  modified  to 
become  stable  AChRs.  This  “stabilization*  process  requires  some  action  of  the 
motor  nerve.  Thus,  the  neuromuscular  junction  contains  both  RTOs  and  stable 
AChRs,  but  all  the  receptors  originate  as  RTOs.  The  completion  of  this  project 
has  represented  a  major  coowltment  during  the  past  year.  Me  art*  now  in  the 
process  of  writing  a  definitive  paper  on  It,  and  plan  to  Incorporate  these 
findings  In  our  proposed  mathematical  model  of  junctional  AChR  kinetics. 

Task  3:  To  determine  whether  depletion  of  rapidly  turning  over  AChRs  results  In 
a  deficit  of  stable  AChRs. 

This  project  was  completed  last  year,  and  a  publication  (Stanley  and 
Drachman,  1987)  Is  In  press: 

Task  4  (Objective  II):  To  determine  the  effects  of  cations  on  *ChR  metabolism  In 
vitro. 

During  the  first  year  of  this  project,  we  carried  out  a  study  of  the  effects 
of  the  cations  lithium,  calcium  and  sodium  on  the  metabolism  of  extrajunctlonal 
AChRs,  using  a  rat  skeletal  muscle  tissue  culture  system.  Our  findings  showed 
that  each  of  the  cations  reduced  the  apparent  “synthesis"  of  extrajunctlonal 
AChRs  in  this  system,  as  measured  by  125l-«-BuTx  binding.  These  findings  have 
now  been  published  (Pestronk  and  Drachman,  1987). 

Task  4a:  Use  of  cONA  Probes  to  Study  Regulation  of  Extrajunctlonal  AChR 
Synthesis:  Measurement  of  Messenger  Rf'As  for  Receptors. 

During  the  past  few  years,  cOMA  probes  have  become  available  for  the  RNA 
messages  for  most  of  the  subunits  of  AChRs  of  several  species  (Merlle  et  al., 
1983;  LaPolla  et  al.,  1984;  Boulter  et  al.,  1985;  Mishina  et  al.,  1986).  These 
powerful  tools  enable  one  to  estimate  the  amount  of  the  relevant  mRNA  directly, 
by  hybridization  techniques  (Merlle  at  al.,  1984;  Goldman  et  al.,  1985).  They 
have  major  advantages  In  studying  certain  aspects  of  regulation  of  AChR 
synthesis.  Including: 

a)  Changes  In  message  levels  occur  promptly,  well  before  changes  In 
surface  AChRs,  thus  facilitating  experiments  tnat  can  only  be  carried  out  on  a 
short  term  basis. 

b)  The  changes  In  appropriate  aftMAs  are  thought  to  be  closer  to  the  level 
at  which  regulation  of  synthesis  of  AChRs  takes  place,  as  compared  with  the  more 
remote  and  Indirect  effect  of  change  In  the  amount  of  AChR  txpressed  on  the 
surface  membrane. 
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Because  of  these  important  conceptual  and  practical  advantages,  we  have 
devoted  a  major  effort  to  acquiring  the  technology  and  skills  for  preparing  and 
using  cDNA  probes  for  rodent  AChR.  We  are  applying  these  methods  to  two  projects 
that  are  directly  germane  to  the  goals  of  this  contract  -  i.e.,  understanding  the 
mechanisms  of  regulation  of  AChRs: 

TJ  The  rote  of  ACh  transmission  In  the  regulation  of  extrajunctlonal  AChR 
synthesis.  In  vivo. 

2)  Tfie  role  of  cations,  messengers,  and  neurotransmitters  in  the 
regulation  of  AChR  synthesis.  In  vitro. 

Methods: 

RNA  extraction  from  whole  skeletal  muscle  -  Total  RNA  Is  extracted  from 
skeletal  muscle  by  the  following  procedure:  Ehe  muscle  Is  minced,  and 
homogenized  In  30  vols  of  50  mM  Trls,  pH  7.5,  -  100  «M  NaCl  -  5  mM  EDTA  -  IS  SOS, 
with  a  Brinkman  polytror  at  setting  #5  for  3  10-second  Intervals.  Proteinase  K 
Is  then  added  at  a  final  concentration  of  250  pg/nl,  and  the  mixture  Incubated 
for  60-90  minutes  at  37°C.  It  Is  then  extracted  twice  with  phenol  .-chloroform, 
1:1,  washed  twice,  with  chloroform,  and  RNA  Is  precipitated  by  the  addition  of 
1/10  vol  3M  NaAcetate  and  2.2  volumes  ethanol  at  -20°C  overnight.  The  RNA  pellet 
Is  dissolved  In  water,  and  the  concentration  measured  spectrophotometrlcally  at 
00  260,  with  the  reference  value  of  00  1.0  *  40  pg/nl. 

RNA  extraction  from  cultured  cells  -  60  mm  dishes  are  washed  twice  with  PBS, 
and  cells  are  scraped  off  the  dish  with  a  rubber  policeman.  5  dishes  are  pooled, 
and  cells  collected  by  centrifugation.  They  are  resuspended  In  lysis  buffer 
(0.14  M  NaCl;  1.5  mM  MgCl*;  10  aM  Trls,  pH  8.6;  0.5X  THton-x-100;  10  mM 
vanadyl -rlbonucleoslde  complexes)  on  Ice  for  5-10  minutes,  then  centrifuged.  The 
supernatant  Is  removed,  and  Incubated  with  an  equal  volume  of  0.2  M  Trls,  pH  7.5; 
25  mM  EDTA;  0.3  M  NaCl;  21  SOS,  and  250  yg/*l  Proteinase  K  for  30  minutes  at 
37°C.  The  remaining  steps  are  the  sane  as  for  skeletal  muscle. 

Preparation  of  mRNA:  wRNA  Is  eluted  frm  poly-oHge-4  (T)  columns  as 
described  (Kanlatls  at  al.,  1982),  and  quantitated  spectrophotometries  lly. 

RNA  agarose  gel  electrophoresis  and  Northern  blotting:  Total  RNA  (5-10  pg) 
or  rflhA  (O-0.5  pg)  Is  denatured  In  a  formamlde-formaldeny^a  solution  and 
applied  to  a  1.5X  agarose-6X  formaldehyde  gel.  After  electrophoresis  Is 
completed,  the  gel  Is  marked,  and  overlaid  with  a  piece  of  nitrocellulose  paper. 
Transfer  Is  carried  out  as  described  (Manlatls  et  al.,  1982).  The  nitrocellulose 
Is  air  dried,  then  heated  at  80*C  for  2  hrs,  and  stored. 

Preparation  of  "Slot  Blots*:  Slot  blots  can  be  used  for  neasuremont  of 
specific  mRNAs,  provided  that  tho  cONA  probe  being  used  Is  known  to  bind  only  to 
a  single  band  of  RNA  on  g«1  electrophoresis.  We  first  established  on  Northern 
blots  of  agarose  gels  that  tho  cONA  probe  for  the  a-subunlt  of  AChR  binds  only  to 
one  band  of  RNA  from  Innervated  and  dene rv a ted  skeletal  muscles,  and  muscle  cell 
cultures  (Fig.  4). 

Slot  blotting  has  many  advantages  over  Northern  blots  for  our  experiments: 
a)  Slot  blots  require  10  to  lUd-fola  less  RNA  than  for  Northern  blots;  b)  binding 
of  RNA  In  this  system  Is  far  more  efficient  (quantitative),  as  compared  to 
Northern  blots;  c)  more  samples  can  be  run  simultaneously  (72  vs  20  for 
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Northerns),  thus  permitting  reliable  Intra-experiment  comparisons. 

Total  RNA  (1  ug)  Is  denatured  In  a  formamlde  -  formaldehyde  solution,  and 
applied  to  a  well  of  an  S&S  "Mlnlfold"  slot  blotting  apparatus  Into  which  a 
nitrocellulose  filter  Is  Inserted.  The  well  Is  rinsed  with  buffer  three  times, 
and  then  the  nitrocellulose  filter  Is  removed,  air  dr1*d  for  1  hour  at  room 
temperature,  then  heated  to  80°C  for  2  hours  and  stored. 

Preparation  of  labeled  cDNA:  A  cONA  clone  for  the  a-subunlt  of  the 
acetylcholine  receptor  was  obtained  as  an  M13  Insert  from  Or.  J.  Merlle  of  the 
Washington  University  School  of  Medicine.  JM  103  cultures  are  transfected  with 
this  DNA.  Total  DNA  Is  extracted,  and  the  RF  form  of  M13  is  Isolated  by  cesium 
chloride  centrifugation,  to  be  labeled  by  nle!.  translation. 

Nick  translation:  The  double  stranded  Insert  containing  the  cDNA  for  the 
AChR  subunit  was  excised  from  the  RF  form  of  the  M13  vector  by  digestion  with  ECO 
Rl.  The  Insert  was  Isolated  by  agarose  gel  electrophoresis.  The  Insert  was 
labeled  by  Incorporation  of  ^?~4CT?,  using  a  standard  “nick  translation” 
procedure  (Manlatls  et  al.,  1982).  The  probe  was  then  boiled  to  denature  the 
DNA,  and  added  to  the  hybridization  solution. 

RNA-DKA  hybridization:  Nitrocellulose  blots  are  prehybridlzed  for  4  hours 
at  42“C  In  501  for®i«1de-3  x  SSC-10  x  Oenhardt's  -0.1X  SDS-100  ug/ml  salmon  sperm 
DNA.  The  labeled  probe  Is  added  to  a  similar  solution,  except  that  It  contains 
5x  SSC,  end  hybridization  carried  out  for  24-72  ho,  rs  at  42°C.  The  blots  are 
then  washed  for  10  minutes  at  60*C  In  2x  SSC-0.1X  SDS.  They  were  then  washed  for 
45*  at  S0*C  In  0.2x  SSC  -  0.1X  SDS.  The  blots  are  then  exposed  to  X-ray  film  for 
appropriate  periods.  Binding  of  DNA  4s  quantitated  on  a  scanning  densitometer 
(UCB). 


Experiments: 


Experiment  1:  The  role  of  ACh  transmission  In  the  regulation  of  extrajunctlonal 

AiiSirsynCKesIs  In  vivo. 


Denervation  of  skeletal  muscle  Is  known  to  result  In  an  Increase  In  the 
amount  of  «*NA  for  the  AChR.  The  purpose  of  these  experiments  Is  to  determine 
whether  this  effect  of  denervation  c-n  be  attributed  to  loss  of  ACh  transmission. 

In  these  experiments,  we  either  a)  surgically  denervated  the  rat  soleus 
muscle  by  sciatic  nerve  avulsion;  or  b)  blocked  quanta!  ACh Transmission,  using 
botullnum  toxin.  Groups  of  rats  were  killed  at  interval*,  of  24  hours  to  12  days 
later.  We  measured  the  mRNA  for  the  a-subunlt  of  AChR,  using  either  Northern 
blot,  or  more  recently  the  sensitive  “slot-blot*  techniques. 


We  first  determined  the  time  course  of  the  change  following  denervation.  58 
soleus  muscles  of  female  Sprague-Dawley  rats  were  denervated  by  sciatic  nerve 
section.  At  time  Intervals  from  1  to  12  days  later,  groups  of  animals  were 
killed  and  the  specific  mRNA  In  the  soleus  muscles  was  measured  as  described 
above.  Our  results  show  that  the  level  of  mRNA  for  the  a-subunlt  Is  just 
detectable  In  Innervated  muscles  by  Northern  blot  analysis  and  Is  easily  seen  on 
slot  blots.  By  1  day  post-denervation,  an  approximately  10-fold  Increase  per 
muscle  Is  already  apparent.  The  Increase  reaches  a  peak  at  3  days,  and  then 
plateaus  fbr  the  remainder  of  the  12  day  period  examined  (Fig.  5). 
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l'a  next  coopered  the  effects  of  blockade  of  quanta!  ACh  transmission  using 
botullnum  toxin,  with  those  of  denervation.  In  two  series  of  experiments,  soleus 
muscles  of  50  female  Sprague-Dawley  rats  were  Injected  with  1.5  x  10-»  gm  of  Type 
A  botullnum  toxin  In  30  pi  of  Ringer  solution.  Fifty  soleus  muscles  were 
denervated  by  sciatic  nerve  section  and  avulsion.  Groups  of  rats  were  killed, 
and  the  soleus  muscles  were  removed  at  Intervals  of  1  1/2  to  7  1/2  days  later  for 
measurement  of  mRNA.  Control  (Innervated)  muscles  were  also  removed  and  assayed 
at  the  same  times. 

The  results  In  the  two  series  of  experiments  were  closely  similar.  The  rise 
of  mRNA  following  denervation  was  much  more  rapid  than  that  following  botullnum 
toxin  treatment.  By  1  1/2  days  after  treatment,  the  specific  mRNA  had  risen 
more  than  7-fold  In  the  denervated  muscles,  and  slightly  less  than  4-fold  In  the 
botullnum-treated  soleus  muscles.  The  AChR-mRNA  level  peaked  by  2  1/2  days  after 
denervation,  and  plateaued  thereafter.  By  contrast,  the  specific  AChR-mRNA 
levels  In  the  botullnum-treated  muscles  consistently  lagged  behind  those  In  the 
devervated  muscles  until  the  7  1/2  day  time  point,  when  they  reached  nearly  the 
same  levels  (Fig.  6). 

Interpretation: 

These  results  are  Interpreted  as  follows: 

Denervation  results  In  an  Increase  of  mRNA  for  the  a-subunlt  of  AChR, 
confirming  results  published  by  other  laboratories  (Merlle  et  al.,  1984;  Goldman 
et  al..  1985). 

Blockade  of  quantal  ACh  release  by  botullnum  toxin  produces  a  denervation- 
like  Increase  In  mRNA  for  the  ACh  receptor  (a-subunlt). 

This  Increase  lags  behind  that  produced  by  surgical  denervation. 

Control  experiments  showed  that  botullnum  toxin's  blockade  of  quantal  ACh 
release  Is  maximal  by  3  hours,  producing  complete  paralysis  to  electrical 
stlmulatlor  Our  experiments  were  carried  out  so  as  to  Inject  the  muscles  with 
BOT  at  least  4  hours  earlier  than  the  surgical  denervation  In  the  comparable 
muscles;  therefora,  the  lag  In  Increasa  of  mRNA  cannot  be  attributed  to  delayed 
onset  of  ACh  blockade  by  BOT. 

Thus,  the  effect  of  botullnum  toxin  Is  similar,  but  not  aqulvalant,  to  that 
of  danarvatlon. 

Slnca  botullnum  toxin  blocks  tha  quantal  release  of  ACh  from  motor  nerve 
endings,  but  does  not  block  non-quanta  1  ACh  release,  this  suggests  that  tha 
ntrva's  regulatory  affact  may  be  mediated  by  both  quantal  and  non-quanta 1  ACh 

relaase. 

Wa  plan  to  test  the  effects  of  total  blockade  of  quantal  and  non-quanta!  ACh 
transmission,  using  g-BuTx. 

Finally,  these  results  demonstrate  that  the  measurement  of  mRNA  by  the  slot 
blot  technique  Is  an  appropriately  sensitive  method  for  detecting  even  moderate 
changes  In  regulation  of  AChR  metabolism. 

Thus  far,  we  have  measured  only  the  mRNA  for  the  a-subunlt  of  AChR.  We  have 
now  obtained,  and  are  presently  preparing  labeled  cDNA  probes  for  the  0-  and 
dalta-subunlts  In  addition.  We  plan  to  compare  the  effects  of  denervation  and 
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ACh  blockade,  using  these  probes  as  well,  since  the  3-  and  delta-subur.1t  mRNAs 
■ay  reflect  the  neural  Influence  differently,  and  perhaps  more  sensitively  than 
the  a-subunlt. 

Experiment  2:  The  role  of  cations,  »essengers,  and  neurotransmitters  In  the 
regulation  of  AChR  synthesis,  in  vitro. 

During  the  past  year,  we  have  begun  to  carry  out  experiments  to  determine 
whether  certain  innervation-like  treataents  with  cations  and  neurotransnltters 
can  down-regulate  the  amount  of  mRNA  for  the  a-subunlt  of  AChR. 

Previous  studies  In  our  laboratory  (Pertronk  and  Drachman,  1987)  have  shown 
that  the  cations  lithium,  calcine  and  sodlu*,  can  down-regulate  the  expression  of 
AChRs  on  the  surface  of  a^yctubes  In  muscle  culture.  There  Is  evidence  that  the 
ACh  analogue  carbachol  and  the  phorbol  ester  TPA  nay  also  down-regulate 
extrajunctlonal  AChRs,  similar  to  the  effect  of  Innervation.  Using  the  cDNA 
probes,  we  are  now  able  to  exaaine  these  questions  more  precisely,  earlier,  and 
at  a  more  fundamental  level  (at  the  level  of  aRNA  rather  than  Insertion  of  a 
surface  protein). 

Methods:  Thus  far,  we  have  carried  out  two  preliminary  sets  of  experiments 
usIngTHese  agents  in  muscle  cultures.  Rat  muscle  cells  were  grown  In  culture 
dishes  under  standard  conditions  (controls),  or  wltlvthe  addition  of  1.5  mM 
lithium  plus  0.1  til  A23187  (lonophore);  100  pM  carbnhol;  or  the  phorbol  ester 
160  x  10~9m  TPA,  for  24  hours.  The  muscle  cells  were  then  removed  from  the 
dishes  and  the  aRKA  for  the  a-subunlt  of  AChR  measured  as  described  above. 

Control  experiments  have  shown  that  these  agents  do  not  damage  the  cultured 
■uscle  cells,  as  assessed  by  the  criteria: 

1.  Morphology,  using  phase  microscopy. 

2.  Measurement  of  total  protein  per  culture  dish  (Lowry  method). 

3.  Keasureeant  of  creatine  kinase  (CK)  specific  for  skeletal  muscle. 

4.  Protein  synthesis,  es  measured  by  incorporation  of  ^H-leucIne. 

Results:  Results  of  these  preliminary  experiments  (Fig.  7)  show  that  each 
of  these  three  treataents  causes  a  reduction  of  the  specific  aRNA  for  the  a- 
subunlt  of  the  AChR. 

These  preliminary  findings  add  support  to  the  concept  that  ACh  transmission 
and  entry  of  cations  Into  muscle  cells  aay  serve  the  "neurotrophic"  function  of 
down-regulation  of  synthesis  of  axtrajunctlonal  AChRs. 

Task  7.  To  dettrmlne  whether  ACh  transmission  plays  a  role  In  maintenance  of 
stability  of  junctional  AchKs. 

We  and  others  have  previously  shown  that  stable  junctional  AChRs  ere 
degraded  slowly  provided  that  the  muscle  remains  Innervated.  Following 
denervation,  after  i  lag  period,  the  rate  of  degradation  of  pre-existing 
Junctional  AChRs  becomes  accelerated  (Stanley  and  Drachman,  1981;  Sevan  and 
Stelntach,  1983;  Salpeter  and  Lorlng,  1986).  This  experiment  Is  designed  to 
determine  >rfiether  ACh  transmission  plays  a  role  In  maintenance  of  the  stability 
of  those  AChRs. 
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Methods:  Pre-existing  AChRs  In  the  flexor  dlgltorua  brevis  (foot)  muscles 
of  female  Swiss  mice  were  labe’ed  by  bilateral  Injections  of  0.5  P9 
Five  days  later,  when  only  stable  AChRs  remained  (since  all  the  labeled  RTOs  had 
been  degraded),  they  were  either  a)  denervated  surgically,  or  b)  Injected 
repeatedly  with  botullnum  toxin  (1.5  x  lO"1^  g*  on  day  0,  and  1.0  x  10’^  gm  on 
days  5,  12  and  19)  to  block  quantal  ACh  transmission.  Groups  of  mice  were  killed 
at  Intervals  of  0  to  29  days,  and  the  radioactivity  bound  to  junction*:  AChRs 
measured  by  gamma  counting. 

Results:  Thus  far,  we  have  carried  out  two  sets  of  preliminary  experiments: 
one  to  determine  the  time  course  of  denervation-accelerated  degradation  of 
junctional  AChRs  In  the  FOB  muscles,  and  the  second  to  examine  the  effect  of 
botullnum  treatment.  These  preliminary  studies  have  used  approximately  70  white 
Swiss  mice.  The  Initial  findings  (Fig.  8)  suggest  the  following: 

In  the  FOB  muscle,  denervation  Induces  accelerated  degradation  of  stable 
AChRs  beginning  by  about  day  12. 

Botullnum  toxin  treatment  (l.e.  -  blockade  of  quantal  ACh  transmission) 
induces  accelerated  degradation  of  stable  AChRs  In  the  FOB  muscle. 

The  onset  of  this  effect  Is  delayed,  compared  to  that  of  denervation.  It 
appears  to  begin  20  days  after  initiation  of  botullnum  treatment! 


This  suqgests  that  ACh  transmission  plays  an  Important  roleln  the 
maintenance  of  stab111ty~of  junctional  ACnRs.  However,  quantal  ACh  tramsisslon 
appears  not  to  accocnt  for  the  entire  effect  of  the  nerve  on  AChR  stability. 

We  plan  to  repeat  these  experiments.  We  will  use  the  FDB  muscle  as  well  as 
another  muscle  In  which  accelerated  degradation  of  stable  AChRs  occurs  earlier 
after  denervation  (e.g.  -  the  stemamastold  or  the  soleus).  If  the  present 
results  ere  confirmed,  we  will  next  evaluate  the  effect  of  complete  blockade  of 
quantal  plus  non-quantal  ACh  transmission,  using  w-BuTx,  We  anticipate  that  this 
sirategy  should  reproduce  the  exact  time-course  of  the  effect  of  denervation  on 
stable  Junctional  AChRs. 

Task  7a:  Mobility  of  Junctional  AChRs:  Movement  Induced  by  nerve  terminal 
outgrowth. 

This  study  was  undertaken  to  examine  another  aspect  of  the  turnover  of 
stable  junctional  AChRs:  l.e.  •  their  ability  to  move  during  nerve  terminal 
outgrowth.  It  relates  directly  to  the  Influence  of  Xfch  transmission  on  turnover 
of  stable  AChRs. 

It  Is  well  known  that  blockade  of  ACh  release  by  botullnum  toxin  results  In 
sprouting  of  nerve  terminals  (Duchen  and  Strltch,  1968).  Mere  recently,  we  have 
shown  that  the  post-synaptic  membrane  also  enlarges  during  this  process,  as  shown 
by  combined  silver-cholinesterase  staining  (Pestronk  and  Orachmen,  1978,  1985). 

In  this  study,  we  have  tested  two  hypotheses:  •)  that  the  AChR-contelnlng  area 
of  the  Junction  may  also  enlarge)  and  b)  that  pre-existing  stable  AChRs  might 
become  mobile,  and  actually  move  within  the  postjunctional  naubrene,  during  the 
process  of  nerve  terminal  sprouting  (Yee  and  Pestronk,  19B7). 


Methods: 

Botulinum  toxin  injections:  To  Induce  sprouting.  Type  A  botullnum  toxin. 
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dlluted  In  mammalian  Rln^ur  solution  (1.2  x  10"9  gm  In  30  pi)  ms  Injected 
directly  Into  the  surgically  exposed  soleus  ru.;c1es  of  adult  female  Spraiue- 
Dawley  rats. 

Iamunocytochemlcal  staining  of  AChRs:  This  method  depei.-s  on  the  binding  of 
a-BuTx  to  AChRs,  followed  by  lenaunocytochealcal  staining  of  the  a-BuTx.  We 
either:  a)  labeled  the  AChRs  Ijj  vivo,  by  direct  intramuscular  Injection  of  2  pg 
of  a-BuTx  In  30  pi  of  Ringer  solution;  cr  b)  labeled  the  AChRs  In  vitro  by 
Incubating  cryostat-cut  longitudinal  sections  of  frozen  muscle  with  fl.2  pg/ml  a- 
Bulx.  The  remainder  of  the  lonunocytochemlcal  staining  procedure  Is  described 
elsewhere  (Yee  and  Pestronk,  1987),  and  depends  on  the  use  of  a  specific  rabbit 
antl-a-BuTx  antibody  followed  by  a  standard  PAP  staining  procedure. 

Pre-existing  AChRs:  To  follow  the  movement  of  pre-existing  stable  AChRs, 
the  receptois  were  first  labeled  with  a-BuTx  In  vivo  as  above,  and  treated  with 
botullnum  toxin  to  Induce  sprouting  3  days  lafer,  when  virtually  all  the 
remaining  labeled  receptcrs  were  stable  AChRs  (see  above,  task  2). 

New  AChRs:  To  demonstrate  newly  Inserted  AChRs,  we  first  blocked  pre¬ 
existing  AChRs  with  a-BuTx,  6  days  after  treatment  with  botullnum  toxin.  One  day 
later,  HSl-a-SuTx  was  Injected  Into  the  same  muscle,  to  label  new  AChRs  that  had 
subsequently  been  Inserted. 

Staining  of  Neuromuscular  Junctions:  Cholinesterase  at  neuromuscular- 
junctions  ms  stained  as  previously  described  (Pestronk  and  Drachman,  1978, 

1985). 

Results  and  Comments:  The  outstanding  results  of  this  study  showed  that: 

The  AChR-contlnlng  postsynaptlc  membrane  enlarged  from  a  normal  value  of  39 
*  0.8  im  In  length,  to  51  ±  1  pm  long  within  7  day*  after  botullnum  toxin 
trcstmnt. 

Pre-existing  AChRs  participated  In  the  elongation,  moving  outward  to 
accompany"^®  sprouting  nerve  terminals  (Fig.  9). 

In  addition,  new  AChRs  Mm  added  throughout  the  entire  length  of  the 
enlarged  Junctions. 

These  findings  show  that  Inhibition  of  ACh  transmission  can  result  In:  a) 
enlargement  of  the  AChR-contalnlng  postsynaptlc  membrane  at  the  neuromuscular 
junction;  and  b)  striking  movement  of  preexisting  stable  AChRs. 

This  work  provides  an  Independent  now  line  of  evidence  that  ACh  transmission 
plays  an  important  role  In  maintenance  of  the  stability  of  junctional  AChRs. 
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DAYS  AFTER  BuTx  LABELING 


F1«*  1  Degradation  of  AChRs  In  st« rnowstold  ausc)es.  The  laft  sternoaastold 
■usclt  Mas  labeled  by  direct  Injection  of  *«I-a-8uTx.  At  Intervals 
fro*, 3  hours  to  19  days  later,  groups  of  alee  were  killed,  and  the 
endplate-speclflc  radioactivity  was  counted.  Bound  radioactivity  Is 
expressed  as  a  percentage  of  the  endplate  counts  present  at  zero  tlae 
(3  hr  after  labeling).  Note  Initial  rapid  loss  of  radioactivity 
(attributable  to  RTOs),  followed  by  a  steady  slower  rate  of  loss  (of 
stable  AChRs).  Inset  -  loss  of  RTOs  after  contribution  of  stable  AChRs 
has  been  subtracted.  Half-life  ■  18.05  hrs. 
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Fig.  2  Denervation  prevents  stabilization  of  junctions!  AChRs.  Stemoaastold 
ISM)  Muscles  of  alee  were  treated  to  produce  neuroMuscular  junctions 
with  enhanced  populations  of  RTOs.  The  left  SLjpuscle  was  denervated 
on  day  -1,  and  both  Muscles  were  labeled  with  I-a-BuTx  on  day  0. 
Mice  were  killed  at  dally  Intervals,  the  radioactivity  regaining  bound 
to  each  SM  Muscle  was  counted,  and  the  radioactivity  bound  to  the 
denervated  (left)  Muscle  was  expressed  as  a  percentage  of  the 
radioactivity  bound  to  the  Innervated  (right)  nescle  for  each  Mouse. 
Means  *-SEM  are  shown.  Note  that  there  was  a  significant  deficit  In 
bound  1Z5l-e-BuTx  (l.e.  -  AChRs)  In  the  denervated  Muscles  by  24  hours 
after  labeling  (p  <  0.002). 
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Fig.  3  Cartoon  Illustrating  working  hypothtsls  of  turnover  of  AChRs  at 
ceuroauscular  junctions. 

AChRs  art  syntntsiztd,  asstabltd  and  Instrttd  at  tht  nturoauscular 
Junction  froa  a  slngl*  sourct,  contributing  to  tbt  pool  of  RTOs.  Tht 
Majority  of  RTOs  art  lost  through  dtgradatlon.  A  fraction  of  RTOs  art 
aodlfltd  as  a  rtsult  of  scat  action  of  tht  aotor  narvt,  and  Join  tht 
pool  of  stablt  AChRs. 
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Fig.  4  Effect  of  detwryatlon  and  botullnum  toxin  treatment  ua  g-subunlt  mRNA. 
Northern  blot  showing  hybridization  of  a-subunlt  cOllA  age  Inst  ioTeui 
muscle  RNA.  Lines  1A  and  IB  have  20  pg  RNA  per  well,  lanes  2A-3B  have 
10  M9  RNA.  1A:  24  hours  after  denervation:  18:  24  hours  after  BOT 
Injection;  2A:  48  hours  after  denervation;  28:  48  hours  after  BOT 
Injection;  3A:  98  hours  after  denervation;  3B:  98  hours  after  BOT 
Injection. 

Note  that  at  all  time  points  the  Increase  of  AChR-mRRA  Is  greater  for 
denervation  than  for  botullnuw  treatment.  Also,  hybridization  reveafs 
only  single  bands  of  mKM. 
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Fig.  6  Effect  of  denervation  and  botullnun  toxin  traatnant  on  a-subunlt  mRHA 
TtvFTT  over  tlaal" 

Rats  were  dowry* tod  by  avulsion  of  tho  sciatic  nerve,  or  Injected  with 
botullnun  toxin.  Total  RNA  was  extracted  frtxa  tho  solans  auscla  at  tha 
Indicated  tints.  Each  point  raprasonts  tha  naan  t  S.D.  of  S  nusclas, 
axcapt  for  control  points,  which  ara  the  naan  of  2  nusclas.  nRHA 
levels  ware  astlnatad  by  scanning  dans  1  tone  try  of  autorad  logons  of 
Northern  blots.  RasulU  ara  given  In  tarns  of  o- subunit  nftNA  par  whole 
nuscle  (A);  or  In  o> subunit  nKNA  par  pg  total  ANA  (I)  (expressed  In 
arbitrary  scanner  units). 

#■ . .  1  4  •  denervation 

x— — x  •  botullnun  traatnant 
O' . . .  □  ■  control 

Note  that  the  effect  of  denervation  Is  greater  than  that  of  SOT. 
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Fig.  7  Effect  of  various  treatments  on  eRNA  levels  In  cultured  skeletal, 
muscle. 

Cultured  skeletal  muscles  were  Incubated  for  24  hours  In  medium  alone 
(c)  or  medium  plus  LI  ♦  A23187,  carbachol  (CC),  or  TPA  (see  task  4a). 
Total  RNA  was  extracted,  and  mRNA  levels  were  estlaated  by  scanning 
densitometry  of  autoradiograms  from  northern  blots.  Results  were 
calculated  In  arbitrary  scanner  units  of  mRNA/surface  area  of  cultured 
muscle,  and  are  expressed  as  I  of  the  controls  (c). 

Note  the  decrease  of  a-subunlt  mRNA  produced  by  these  treatMnts  (see 
text.  Task  4a. 


I  '  - 

fig.  •  Degradation  of  ora-nxlstlna  "stabla*  AChDs  It  accaltratad  hr  dtnarvatlpn  or 
botullnun  toxin. 

I  •  stable  AChJU  In  FDD  nusclas:  controls 


0 

D 


donorvatad  at  day  0 
Injactod  with  botullmaa  toxin 


Nota  that  tha  dagradatlon  rata  of  stabla  AChAs  ronalns  constant,  with  a  half 
•  Ufa  of  12  days.  ,  .  ^ 

Oanarvatlon  results  in  ac coloration  of  dagradatlon,  baglaulaa  an  about  day  12. 
:  lotuHnun  traatamnt  ra suits  In  accal oration  of  dagradatlon,  baginning  latar 

(about  20  Jays). 
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Pig  S.  Lengths  of  clusters  of  preexisting  AChRs  In  botu1tnui»-t  rested  and  control 
Muscles! 

“Preexisting"  junction* 1  AChRs  were  labeled  with  o-RuTx  in  vivo  3  days  before 
treatment  of  soleus  euscle  with  botullnua  toxin.  The  muscles  were  removed  and 
studied  another  7  days  later.  Control  Muscles  were  labeled  with  o-BuTx  but  not 
treated  with  botullnua.  At  least  40  AChR  clusters  per  ouscle  were  Measured. 
The  hlstograos  were  drawn  using  436  AChR  clusters  froa  8  botullnua- treated 
Muscles  and  412  AChR  clusters  froa  8  control  Muscles. 

Note  the  Increased  population  of  longer  junctional  AChR  clusters  In  botullnuo- 
t rested  Muscles.  The  Mean  length  of  clusters  of  “preexisting*  junctional  AChRi 
was  53  ±  2  m  for  botul1nu«-treat*d  Muscles  coopered  with  44  t  1  pn  for  control 
Muscles.  Thus,  preexisting  AChRs  are  redistributed  during  NMJ  elongation  (see 
text.  Task  7a). 
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